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Abstract: Immersion joints are susceptible to be damaged first under various loadings due 
ito their smaller stiffhess compared to the adjacent tunnel elements. The induced 
Ideformations and the forces in the joint are transferred by shear keys. If failure occurs in the 
i shear keys, excessive defbrmations may lead to severe leakage. This paper presents three- 
dimensional numerical analysis results for RC shear keys by using the concrete damaged 
■plasticity (CDP) model. Two types of shear keys, HSK1 and HSK2 with different numbers 
0f tenons respectively, are considered, as well as a cyclic loading protocol. The tensile 
damages of the shear keys are obtained. The numerical results indicate that the damages 
occur firstly at the bottom of the tenons, close to the clamped edge. Then, the damages 
develop along the direction to both the middle bottom of the tenon and the middle top of 
the shear keys. The bottom cracks are more diffxcult to be observed than the top cracks and 
cross the key. By comparing the experimental results, the obtained tensile damages are in 
accordance with the observed tensile cracks.
1 INTRODUCTION
Immersed tunnels consist of prefabricated tunnel elements that are floated to the site, 
installed one by one, and connected to one another under water. The immersion joint is 
located between adjacent elements and is regarded as the most critical part in the whole 
tunnel. An immersion joint, which is a common solution in practice nowadays, mainly 
involves a primary rubber seal (GINA rubber seal), a secondary rubber seal (Omega rubber 
seal) and shear keys. The primary rubber seal is the first guarantee of the water tightness of 
the joint. It starts to work when the immersion joint is installed due to the hydrostatic 
pressure. If the primary rubber seal fails, the secondary seal will be activated to avoid 
leakage. After the installation of the joint, the shear keys will be situated at the end of the 
walls and slabs. The shear keys, mostly made of steel or reinforced concrete, are provided 
for transferring the lateral force from one element to another, which is induced mainly by 
earthquakes or differential settlements. Compared to the rubber seal, the shear keys always 
have a larger stiffness, resulting in a small deformation in the joint. If the shear keys fail as 
a consequence of excessive deformation in the joint, damage may occur, leading to severe
damage. So the shear keys are as important as the rubber seal, with respect to the water 
tightness of the joint.
So far, detailed research related to the shear keys is rarely found in literature. A simplif]e(j 
linear model to simulate the shear behavior of joints was used by Anastasopoulos (2007) 
which considers that the stiffness of the shear key tends to be infmite. Van Oorwouw 
considered the influence of the reinforcement and the friction force between the shear keys 
on the shear strength of the shear keys in segmental joints. Ding and Liu (2015) simulated 
the shear behavior of the joint by using nonlinear springs in the model. The springs in 
series, including threshold value, are used to simulate the shear behavior. However, those 
simplified models are based on simplified assumptions and cannot reflect the real situation 
of the shear keys due to their complicated configuration. Moreover, this model is rather 
sensitive to the input parameters and lack of experimental verification.
To clarify the mechanical behavior of the shear keys, this paper presents a 3D numerical 
model of two types of RC shear keys by using FEM software ABAQUS. The concrete 
damaged plasticity (CDP) model is used to simulate the plastic behavior of the concrete and 
both the compression and tensile damage parameters are considered. A quasi-static shear 
force is applied to the shear keys under increasing amplitude in the horizontal plane. The 
tensile damages are obtained. A comparison between a structural experiment of the 
immersion joint with the concrete shear keys (Xiao 2015) and this numerical model is 
made.
2 MATERIAL MODEL FOR CONCRETE
Various constitute models are applied to simulate the behavior of the concrete, such as the 
concrete damaged plasticity model (CDP), the smeared crack model and the brittle crack 
model. In this paper, only the CDP model is selected as this technique has the potential to 
represent the complete inelastic behavior of concrete both in tension and compression 
including the damage characteristics [3].
The CDP model uses concepts of isotropic damaged elasticity in combination with isotropic 
tensile and compressive plasticity to represent the inelastic behavior of concrete. It assumes 
that tensile cracking and the compressive crushing are the main failure mechanisms in 
concrete. Therefore, in order to apply this model in ABAQUS (version 6.14 [4]), the 
compression and tension models are introduced below.
2.1 Compression Hardening relationship in ABAQUS
In ABAQUS, the ultimate stress and the inelastic strains are required and the 
compressive damage properties are optional depending on demand. The inelastic strain is 
defined by the equation:
(O
where 4” 's t*ie inelastic strain; ec is total compressive strain; £qc = ^c/^o as shown in 
Fig- Ha)-
The plastic strain of the concrete will be checked to avoid being negative and/or decreasing
vvith increasing inelastic strain ë^1 by using the equation:
ëpl = ë1cc Cc
Vc
(2)
where dc is the concrete compressive damage parameter; ac is the compressive stress and 
£• is Young’s Modulus of the concrete, respectively.
(a) Compression behavior of concrete (b) Applied compressive model
Figure 1: Compression hardening relationship.
In order to fmalize the input parameters, the complete stress-strain relationship is given and 
verified experimentally by Hsu (1994) (Fig. l(b)) to describe the compression behavior of 
concrete. In this model, the linear portion ends at the point with half of ultimate strength 
(acu) while the plastic portion ends at the point with 0.3acu. The curve between the yielding 
point (at 0.5 acu) and the 03acu in the descending portion is described by the equation:
FOcAo)
cu (3)
where /? is 1/[1 - öVu/H'o^o)]; £0 is 8.9 x 10 5acu + 2.114 x 10 3. It should be noted 
that in above equation, ac, acu and E0 are in kip/in2 instead of MPa.
2.2 Tension stiffening relationship in ABAQUS
With respect to tensile behavior of concrete, ABAQUS simulates the tensile behavior by 
using the cracking strain, which is defmed by using the equation:
ëf = - 4Ï (4)
where ëltn is the cracking strain; ert is total tensile strain; £ot = ^t/^o as shown in Fig. 2(a).
The plastic tensile strain is also calculated to avoid negative and/or decreasing values by 
using an eauation similar to Eq. (4). The tension stiffening model used in ABAOUS is
based on the model developed by Nayal (2006). The nonlinear tensile behavior of concrete 
is described by four segments, where the descending branch is given by three linear 
segments. The coordinates of the points are shown in Fig. 2(b), where at0 and £cr are 
tensile peak stress and the corresponding strain, respectively.
(b) Applied tensile model 
Figure 2: Tension stiffening relationship.
FINITE ELEMENT MODEL OF THE RC SHEAR KEYS
3.1 Introduction
Xiao et al (2016) have conducted an experiment on the shear behavior of an immersion 
joint with both steel shear keys and reinforced concrete shear keys. The geometrie scale of 
the tunnel element is 1:10, with a cross-sectional dimension of l.lm x 3.8m. A constant 
compression force and a cycle shear force are applied on the side wall of the element. The 
crack development of the RC shear keys is obtained. However, the results of the experiment 
involve the influence of the primaiy rubber which cannot be measured in the test. 
Therefore, this numerical model excludes the rubber part.
The design of the reinforced concrete shear keys is mainly based on the conducted 
experiments. Therefore, the same geometrie scale of 1:10 is selected. The dimensions of the 
RC shear keys, with a thickness of 75mm, are shown in Fig. 3, as well as the configuration 
of the reinforcing bars. Two types of shear keys are applied, which are HSK1 and F1SK2, 
respectively. The difference between these two shear keys is the number of tenons. The 
concrete strength class is C50 with a design compressive and tensile strength of 23.1 MPa 
and 1.89 MPa, respectively, according to the Chinses code. The HRB400 with yielding 
strength of 360 MPa is applied as steel bar. The diameters of all the reinforcement bars in 
the shear keys are 8 mm. The reinforcement ratios per unit volume of HSK1 and FISK2 are 
0.487% and 0.445%, respectively.
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Figure 3: Dimensions and configuration of the analyzed RC shear keys [mm].
3,2 Assembling and loading protocol
Fig. 4 shows the two different RC shear keys models as well as the boundary condition and 
loading area. The loads will be applied to the lateral surface of the short edge of the tenon 
cyclically with an increasing amplitude. The area of the load application is based on the 
contact area of the shear keys in the experiment. In this case, the same loads are applied 
separately to HSK1 and HSK2 instead of utilizing the hard contact between the shear keys. 
The bottom surface of the shear keys is fixed, resulting in neither displacement nor rotation 
due to the fact that this surface is totally constrained by the bottom slab of the immersed 
tunnel in reality.
Fismre 4: Bottom view of the loading and boundary conditions of the shear keys.
4 NUMERICAL RESULTS AND COMPARISON WITH THE EXPERIMENTAl 
DATA
The calculations have produced plenty of data describing the behavior of the shear keys, 
among which only the results related to tensile damages are presented in this section. Figs. 
5(a) and 5(b) show the tensile damages of the shear keys after a cyclic loading from top and 
bottom view, respectively. From the top view of the shear keys, it is obvious that all the 
maximum tensile damages in both HSK1 and HSK2 are located at the bottom part of the 
tenons. The tensile damages start from the bottom corners of the tenon and develop along 
the direction of the loading at an angle of about 45 degree at the beginning. As the tensile 
damages develop, they tend to develop horizontally.
(a) Tensile damage of HSK1 (Top)
(b) Tensile damage of HSK2 (Top)
Figure 5: Top view of the calculated damages of the shear keys.
Fig. 6 shows the observed cracks in both HSK1 and HSK2. The numbers in the figure 
represent the order in which the cracks appear in the experiment. The first group (Cl)) of the 
cracks occurs at the bottom of the tenon in both HSK1 and HSK2. Then there are some 
cracks occurring at the top of the middle tenon in HSK1. After that, the cracks occur again 
in the bottom of the tenon ((T) and ©). Compared to the numerical results, most of the 
cracks in the experiment follow the same developing trend, showing that the cracks occur at 
the bottom of the tenon. Hence, the tensile cracks in experiment basically behave 
consistently with the corresponding tensile damages. However, there are more cracks 
appearing in the experiment. That is because only tensile damages are presented in this 
paper due to the limited number of pages. More details will be presented in a further paper.
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Figure 6: Top view of the cracks in the shear keys from the experiments.
Fig. 7 shows the tensile damages from the bottom view. It can be seen that the area of 
influence of the tensile damages are much larger than what can be observed from the top 
view. The numerical results also show that the tensile damage starts from the bottom of the 
shear keys, Crossing horizontally through the whole tenon, which is close to the boundary 
with the slab. Then as the loads increase, the tensile damages develop through the shear 
keys until they reach the top and can be observed from the top view. This means that the 
fïrst cracks occur in the shear keys long before they can be observed from the top in the 
experiment. In other words, there may be cracks in the shear key already though nothing 
can be found from the top because there is no other way to detect the cracks by observation 
from the bottom view.
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Figure 7: Bottom view of the calculated tensile damages of HSK.2.
5 CONCLUSION
This paper presents the numerical results on the shear behavior of concrete shear keys in 
immersion joints by using the concrete damaged plasticity model in the FEM software 
ABAQUS (version 6.14), to simulate the nonlinear behavior of concrete. The parameters in 
this model are given both for compression and tension behavior. The numerical results are 
validated by comparison to the results of a structural experiment on an immersion joint.
The results indicate that the tensile damages appear at the bottom of the tenon and develop 
along the loading direction at an angle of 45 degree. As the tensile damages develop, they 
tend to develop horizontally. Moreover, the crack starts from the bottom of the shear keys 
and develops from the bottom to the top, Crossing through the whole shear key. 4 
comparison between the experimental and numerical results shows that the tensile damages 
are basically in accordance with the observed tensile cracks. Hence, it follows that the 
applied CDP model for concrete is acceptable. More comparisons will be made in order to 
optimize the applied numerical model in the future.
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